Introduction
The intestinal mucosa is the largest interface between the host and its environment. It forms a barrier that limits the entrance of the luminal commensal bacteria and pathogens (1). This barrier is not fully impermeable, but allows the passage of small amounts of molecules from the intestinal lumen to the internal milieu through 2 mechanisms: paracellular diffusion and transcellular transport. The paracellular permeability allows passage of small molecules and is determined by the pore size of tight junctions (TJs). The mechanisms underlying the structural and functional modifications of TJs include endocytosis of junctional proteins, epithelial apoptosis, and activation of the myosin light chain kinase (MLCK). MLCK activation opens the TJs (2), whereas MLCK inhibition prevents the increase in paracellular permeability (3).
Intestinal barrier function results from cooperation between epithelial and immune cells. DCs may sample bacteria directly from the intestinal lumen by extending their dendrites between intestinal epithelial cells (IECs). However, the transcellular transport of large particles, including microbes and antigens, has traditionally been ascribed to M cells overlying Peyer's patches (PPs). M cells are particularly involved in the transcytosis of bacteria, owing to their structural and molecular features, including expression of receptors such as TLRs at their apical surfaces. M cells bind, internalize, and transport macromolecules and release them in the underlying vicinity of immune cells present in the PPs. Thus, PPs constantly sample macromolecules from the intestinal lumen into the inductive sites of the intestinal immune system (4) and induce the homeostatic tolerogenic immune response to dietary antigens.
The proximity of epithelial and immune cells in PPs allows a permanent interaction between them. Thus, increased intestinal permeability causes activation of immune cells and contributes to the development of local and systemic inflammation (5) . In turn, immune cells are involved in the disturbance of intestinal barrier function (6) . When activated, they may secrete cytokines, chemokines, and other molecules, some of which have previously been shown to influence paracellular and/or transcellular permeabilities (7) (8) (9) . IL-1β increases paracellular permeability by upregulating the expression and activity of epithelial MLCK (9, 10) . However, the mechanisms underlying the interactions between epithelial cells and immune cells in PPs, as well as the resulting regulation of paracellular and transcellular permeabilities, are poorly understood.
In order to decide between immune tolerance of the commensal gut flora and the inflammatory response toward detrimental pathogens, the intestinal mucosa expresses a large number of receptors. TLRs are well-known ligands for microbe-associated molecular patterns and are widely expressed on various cell types within the gut mucosa. TLR-2 is expressed on IECs (11) as well as macrophages (12) and DCs (13) . TLR-2 recognizes bacterial lipopeptides (14) . Following activation by its ligands, TLR-2 activates the myeloid differentiation factor-88 adaptor (MYD88) (15) . Mice deficient for Tlr2 or Myd88 display reduced expression of tissue-protective mediators and impaired intestinal homeostasis (15) . In PPs, TLR-2 activation enhances transepithelial transport of microparticles (16) .
Several enteropathogenic bacteria, including Yersinia pseudotuberculosis and Yersinia enterocolitica as well as E. coli, Mycobacterium avium paratuberculosis, Listeria monocytogenes, Salmonella typhimurium, and Shi-gella flexneri, exploit the PP formations to invade their host (4) . Invasion by Y. pseudotuberculosis depends on the bacterial surface protein invasin, which interacts with β1 integrins on the apical surface of M cells (17) . Following their entry into PPs, the bacteria induce mucosal inflammation (18) . In mice, oral inoculation with Y. pseudotuberculosis results in systemic bacterial translocation and subsequently in animal death (19, 20) . TLR-2 plays a crucial role in initiating and regulating the host response to Y. pseudotuberculosis after oral infection (21); in contrast, it is dispensable for host defense after systemic infection (22) . In humans, Y. pseudotuberculosis disturbs epithelial gut homeostasis and may induce ileitis (23) (24) (25) (26) . In patients with a history of Y. pseudotuberculosis infection, the intestinal barrier is altered for several months compared with healthy controls (24, 25) . Here, we studied the mechanisms by which TLR-2 induces intestinal barrier dysfunction in the context of Y. pseudotuberculosis infection.
Results
The TLR-2 pathway contributes to Y. pseudotuberculosis-induced gut barrier dysfunction. To explore the effects of Y. pseudotuberculosis on paracellular and transcellular permeabilities, PPs were mounted in Ussing chambers (UCs) and exposed to Y. pseudotuberculosis strain YPIII(pIB102) (referred to herein as pIB102). Paracellular and transcellular routes were investigated by the flux of FITC-labeled 4-kDa dextran (FD4) and the translocation of killed fluorescent E. coli, respectively. Both parameters were greatly increased after pIB102 exposure ( Figure 1, A and B) . As Y. pseudotuberculosis is known to induce cell apoptosis, which modulates epithelial barrier function, we next determined the number of apoptotic cells induced by Y. pseudotuberculosis. 2 hours of incubation with pIB102 did not increase the number of caspase-3-positive apoptotic cells in PPs (Supplemental Figure 1 and Supplemental Methods; supplemental material available online with this article; doi:10.1172/JCI58147DS1). Next, we inoculated WT mice intragastrically (i.g.) with a single dose of pIB102. At day 5 after infection, infected mice received i.g. FD4 or FITC-labeled 40-kDa dextran (FD40); 5 hours later, increases of FD4 and FD40 serum concentrations were observed (Figure 1, C and D) .
Because TLR-2 has previously been associated with Yersinia virulence (21), we tested its role in PP barrier dysfunction by reproducing the experiments in Tlr2 -/-and Myd88 -/-mice. In UCs, no differences in terms of PP permeability were observed at the basal level ( Figure 1, A and B) . In contrast, after pIB102 infection, we observed only a limited effect on the paracellular permeability and no effect on E. coli translocation in Tlr2 -/-and Myd88 -/-mice ( Figure 1, A and  B) . Similarly, in vivo, FD4 levels were lower in the sera of Tlr2 -/-mice ( Figure 1C ). Together, these findings suggested that TLR-2 contributes to Y. pseudotuberculosis-induced PP barrier dysfunction.
Figure 1
TLR2 is required for Y. pseudotuberculosis alteration of PP barrier function. (A and B) PPs from WT, Tlr2 -/-, Tlr4 -/-, and Myd88 -/-mice were mounted in UCs and incubated with pIB102, and (A) paracellular permeability (i.e., FD4 flux) and (B) fluorescent E. coli K-12 translocation were monitored. (C) WT and Tlr2 -/-mice were inoculated i.g. with pIB102, and paracellular permeability was investigated 5 days after infection. (D) WT mice were inoculated i.g. with pIB102, and transcellular permeability was investigated 5 days after infection. n ≥ 8 per group; 3 independent experiments. **P < 0.01, ***P < 0.001 versus uninfected WT; † P < 0.05, † † P < 0.01, † † † P < 0.001 versus pIB102-infected WT; ## P < 0.01 versus uninfected Tlr4 -/-.
Since Y. pseudotuberculosis exhibits TLR-2 and TLR-4 agonists, and TLR-4 agonists are known to increase gut permeability (27) , we also investigated the role of TLR-4. After pIB102 infection, a reduced (albeit significant) increase of paracellular permeability and E. coli translocation were observed in PPs from Tlr4 -/-mice, whereas no differences were observed at the basal level ( Figure 1, A and B) . Taken together, these findings indicated that TLR-4 also modestly contributes to Y. pseudotuberculosis-induced PP barrier dysfunction.
PP barrier dysfunction requires immune cells expressing TLR-2. A PP consists of aggregated immune cells organized in lymphoid follicles, overlaid by the specialized follicle-associated epithelium (FAE) (4) . To determine whether the barrier dysfunction phenotype is dependent on TLR-2 expression on epithelial cells or on immune cells, we generated chimeric mice with somatic and/or hematopoietic cells expressing or lacking TLR-2. At the basal level, paracellular permeability was comparable in all chimeric mouse groups ( Figure 2A ). After exposure to pIB102, paracellular permeability was increased only in mice exhibiting a WT hematopoietic lineage that expressed TLR-2. Conversely, no changes were observed after infection of mice with a TLR-2-deficient hematopoietic lineage. Thus, the TLR-2 genotype of the epithelial cells had no effect on the phenotype. Comparable results were obtained when studying the translocation of E. coli ( Figure 2B ). Taken together, these results suggested that modulation of the PP barrier by Y. pseudotuberculosis depends exclusively on TLR-2 expression by cells of hematopoietic origin.
IL-1β production depends on the presence of TLR-2 in monocyte-derived cells. Previous studies indicated that IL-1β is produced by macrophages or DCs in response to Y. pseudotuberculosis infection and that it can modulate intestinal permeability (9, 10). We hypothesized that IL-1β is implicated in the observed results. 2 hours after TLR-2 stimulation by Pam4CSK3, IL-1β secretion was increased in THP-1 cells (Supplemental Figure 2) . At 5 days after i.g. inoculation by pIB102, we observed an induction of IL-1β secretion in PPs and spleens of WT mice (Figure 3, A and B) , whereas no or little IL-1β secretion was found in infected Tlr2 -/-and Myd88 -/-mice. These results indicated that TLR-2 expression is necessary to trigger IL-1β synthesis. To determine whether increased IL-1β production depends on TLR-2 expression on epithelial cells or on immune cells, we monitored IL-1β synthesis in TLR-2 chimeric mice. After exposure to pIB102, the elevated level of IL-1β was observed only in PPs of mice exhibiting a WT hematopoietic lineage expressing TLR-2 ( Figure 3C ).
To study the production of IL-1β in a better-controlled system, we infected bone marrow-derived macrophages and DCs in vitro with pIB102. After 6 hours, IL-1β expression was induced in cells derived from WT mice, whereas only moderate changes were seen in cells from Tlr2 -/-and Myd88 -/-mice ( Figure 3, D and E) . Similarly, in THP-1 cells, we observed IL-1β induction after exposure to pIB102 that was abolished when TLR-2 was inhibited by RNA silencing (Figure 4A) . Similarly, TNF-α production was weakly (albeit significantly) reduced in case of TLR-2 inhibition by RNA silencing (Supplemental Figure 3 and Supplemental Methods). In contrast, TLR-2 inhibition did not affect IL-8 or IL-12 synthesis (Supplemental Figure 3 and Supplemental Methods). Finally, given that TLR-4 agonists induced IL-1β synthesis in THP-1 cells (Supplemental Figure 2) , we studied the effect of TLR-4 inhibition on the synthesis of IL-1β, IL-8, IL-12, and TNF-α in response to pIB102. TLR-4 depletion by RNA silencing reduced, but did not completely abrogate, IL-1β synthesis ( Figure 4A ). TLR-4 depletion by RNA silencing also reduced TNF-α synthesis by infected THP-1 cells, but did not alter IL-8 or IL-12 production (Supplemental Figure 3 , A and B, and Supplemental Methods).
For IL-1β production, 2 distinct events are required: enhanced synthesis of the pro-IL-1β precursor, and pro-IL-1β processing, which depends on caspase-1 activation in macrophages and DCs. TLR-2 silencing in THP-1 cells abrogated both pro-IL-1β production and caspase-1 activity ( Figure 4 , B and C). In addition, Yersinia infection increased Tlr2 mRNA level while it decreased Tlr4 mRNA level ( Figure 4 , D and E). Inhibition of caspase-1 activity by the selective inhibitor Z-YVAD-FMK suppressed pIB102-induced synthesis of IL-1β by THP-1 cells, but did not alter secretion of IL-8, IL-12, or TNF-α (Supplemental Figure 4 and Supplemental Methods). We thus conclude that after Y. pseudotuberculosis infection, IL-1β production through caspase-1 activation depends on TLR-2 expression.
The virulence plasmid of Yersinia is required for Y. pseudotuberculosisinduced IL-1β production and for alteration of epithelial barrier function in
PPs. Yersinia species harbor a virulence plasmid encoding a type III secretion system that delivers bacterial proteins into the cytosol of targeted host cells. The translocator proteins YopB, YopD, and LcrV form a pore in host cell membranes that allow for translocation of 7 effector Yops into the cytosol (28) . The role of the virulence plasmid on IL-1β synthesis and disruption of PP barrier function was TLR2 from immune cells is required for Y. pseudotuberculosis disruption of PP barrier function. (A and B) PPs from chimeric mice, expressing TLR-2 (+/+) or not (-/-) in epithelial and immune cells, were mounted in UCs and incubated with pIB102, and (A) paracellular permeability and (B) fluorescent E. coli K-12 translocation were monitored. n = 6 per group; 2 independent experiments. *P < 0.05, ***P < 0.001 versus uninfected +/+ → +/+; † P < 0.05, † † P < 0.01 versus pIB102-infected -/-→ +/+. studied using genetically modified derivates of the WT Y. pseudotuberculosis strain. Y. pseudotuberculosis strain YPIII(pIB604) (referred to herein as pIB604) does not express YopB and may not form the pore necessary for translocation of the effector Yops.
Compared with pIB102, pIB604 induced a weaker (albeit significant) increase of IL-1β production and caspase-1 activation in vitro ( Figure 5 , A-E). Consistently, IL-1β levels measured in the supernatant of PPs infected ex vivo were increased with pIB102, but not with pIB604 ( Figure 5F ). Finally, paracellular and transcellular permeabilities remained low in PPs that were mounted in UCs and exposed to pIB604 ( Figure 5 , G and H). Together, these results suggested that the virulence plasmid of Yersinia is essential for Y. pseudotuberculosisinduced IL-1β production and increased permeability in PPs.
IL-1β contributes to the induction of barrier dysfunction in PPs.
To investigate whether the increased production of IL-1β participates in PP barrier dysfunction, we treated WT mice with either Z-YVAD-FMK or the IL-1R antagonist anakinra, then assessed PP permeability in UCs. In the absence of Y. pseudotuberculosis, the fluxes of FD4 and E. coli through PPs were comparable in untreated and Z-YVAD-FMK-or anakinra-treated mice. In contrast, after exposure to pIB102, both Z-YVAD-FMK and anakinra abolished the increase of FD4 flux and E. coli translocation through PPs ( Figure 6 , A and B). To further validate the role of IL-1β, we repeated the experiments in mice deficient for the IL-1 receptor (Il1r -/-mice). In this model, no increase in paracellular flux of FD4 or E. coli translocation was observed in PPs exposed to pIB102 ( Figure 6, A and B) . Together, these results indicated that after Y. pseudotuberculosis infection, increased permeability requires caspase-1 activation and IL-1R expression.
Y. pseudotuberculosis-infected THP-1 cells stimulate paracellular and transcellular permeabilities in Caco-2 cells via IL-1β release and NF-κB activation.
To better explore the crosstalk between immune and epithelial cells, we cocultured THP-1 cells with Caco-2 cells. Before coculture, THP-1 cells were infected or not with pIB102 and treated with gentamycin to kill the bacteria. Antibiotic-treated cells were then added to the basolateral compartment of Transwell chambers (TCs) harboring a polarized Caco-2 monolayer expressing the IL-1β receptor (Supplemental Table 2 ). After 24 hours of coculture, FD4 flux and E. coli translocation were significantly higher in infected THP-1 cells ( Figure 7, A and B) . Because adding the supernatant of infected THP-1 cells to the TC basolateral compartment recapitulated this phenomenon ( Figure 7A ), we concluded that it is mediated by a soluble factor secreted by the infected THP-1 cells.
To test the role of IL-1β, we added anakinra into the basolateral compartment of the TCs 24 hours before adding infected THP-1
Figure 3
Increased IL-1β expression triggered by Y. pseudotuberculosis is mediated by TLR-2. (A and B) WT, Tlr2 -/-, and Myd88 -/-mice were inoculated i.g. with pIB102 and killed 5 days after infection. PPs (A) and spleens (B) were removed, and IL-1β levels were analyzed. (C) PPs from chimeric mice were incubated with pIB102 in UCs. (D and E) BMSCs from WT, Tlr2 -/-, and Myd88 -/-mice were differentiated into macrophages (D) or DCs (E) and infected with pIB102. IL-1β level in the supernatant was then analyzed by ELISA. n ≥ 6 per group; 3 independent experiments. **P < 0.01, ***P < 0.001 versus uninfected WT; † P < 0.05, † † P < 0.01, † † † P < 0.001 versus pIB102-infected WT; ## P < 0.01 versus pIB102-infected +/+ → +/+.
cells. This procedure prevented the increase in FD4 flux and in E. coli translocation ( Figure 7, A and B) , which confirmed the role of the IL-1β receptor. Because infected THP-1 cells also produced TNF-α (Supplemental Figure 3C) , which is also known to increase gut permeability (29), we also tested the effect of the anti-TNF-α antibody infliximab (Remicade; 25, 50, and 100 μg/ml) added into the basolateral compartment of the TCs. This procedure did not prevent the increase in FD4 flux (Supplemental Figure 3D) , which confirmed the specific role of IL-1β in the alterations of Caco-2 barrier function in response to infected THP-1 cells.
To better understand the mechanisms involved in barrier dysfunction, we next investigated TJs by electron microscopy and immunostaining. To examine the TJ structure, we measured TJ width, a parameter that has previously been proposed to reflect the TJ intercellular space (30, 31) . The functional alterations of the polarized Caco-2 monolayer were associated with increased TJ width ( Figure 7 , C and D) and redistribution of occludin ( Figure 7E ). In addition, Western blot analyses showed reduced occludin levels in Caco-2 cells cocultivated with infected THP-1 cells ( Figure 7F ). In contrast, zonula occludens-1 (ZO-1) localization was not affected ( Figure 7E ).
Finally, because previous studies have shown that IL-1β modifies paracellular permeability in Caco-2 cells via the NF-κB pathway (9), we also pretreated the Caco-2 cells with the NF-κB inhibitors ammonium pyrrolidine dithiocarbamate (PDTC) and caffeic acid phenethyl ester (CAPE). Consistent with the hypothesis of an IL-1β-driven mechanism, we observed reduced FD4 flux and E. coli translocation in pretreated cells (Figure 8, A and B) . Similarly, treatment of PPs with PDTC, CAPE, or NBD peptide/NF-κB blockers reduced FD4 flux as well as E. coli translocation after pIB102 exposure (Figure 8, C and D) .
Changes in epithelial cell functions depend on MLCK. Because previous studies described a central role of MLCK in controlling intestinal permeability, and because NF-κB activity might regulate MLCK expression in response to IL-1β stimulation (9), we studied the role of MLCK. After pIB102 infection, increased MLCK mRNA levels were observed in PPs from WT mice, but not from Il1r -/-or Tlr2 -/-mice ( Figure 9A) . Furthermore, the increase of MLCK mRNA expression was observed only in chimeric mice of WT hematopoietic lineage expressing TLR-2 ( Figure 9B ). These in vivo observations indicated that transcription of MLCK mRNA is driven by IL-1β receptor expression by epithelial cells and TLR-2 expression by immune cells. In accordance with this observation, MLCK expression was significantly upregulated in Caco-2 cells cocultured with infected THP-1 cells ( Figure 9C ). This increased MLCK expression was abolished when Caco-2 cells were pretreated with an NF-κB inhibitor or with anakinra ( Figure 9C ). Finally, consistent with Caco-2 cells mainly expressing the long MLCK isoform, ELISA methods confirmed that MLCK protein levels paralleled those of mRNA ( Figure 9D ).
To further validate the role of MLCK, we pretreated WT mice with 3 MLCK inhibitors. After blockade of MLCK activity by i.p. adminis- , and Tlr4 mRNA (E) were measured in the cell pellets. n ≥ 6 per group; 3 independent experiments. **P < 0.01, ***P < 0.001 versus uninfected NT; † P < 0.05, † † P < 0.01, † † † P < 0.001 versus pIB102-infected NT; # P < 0.05 versus uninfected TLR-4.
tration of inhibitors ML-7, ML-9, or peptide 18, no changes in feces excretion or food intake were observed. FD4 flux and E. coli translocation were no longer increased in PPs infected by pIB102 (Figure 10,  A and B) . Similarly, in TCs, pretreatment of Caco-2 cells with ML-7 or ML-9 abolished the increase of paracellular permeability and E. coli translocation triggered by infected THP-1 cells (Figure 10, C and D) . Furthermore, in Caco-2 monolayers, phosphorylation of MLC by MLCK was increased in infected THP-1 cells ( Figure 10E ). Finally, a
Figure 5
The virulence plasmid of Yersinia is required for Y. pseudotuberculosis-induced IL-1β increase and altered PP permeability. (A-C) THP-1 cells were infected with pIB102 or pIB604. After centrifugation, levels of IL-1β were measured in the supernatant (A), and caspase-1 activity was measured in the cell pellets (B). n ≥ 6 per group; 3 independent experiments. (C) Western blot analyses of the uncleaved and cleaved caspase-1 (20-kDa) forms. (D and E) Bone morrow precursors from WT mice were differentiated into macrophages (D) or DCs (E) and infected with pIB102 or pIB604. IL-1β level in the supernatant was analyzed by ELISA. n = 6 per group; 3 independent experiments. (F) PPs were removed from WT mice and incubated with pIB102 or pIB604. After 6 hours, levels of IL-1β in the supernatant were determined by ELISA. n ≥ 6 per group; 3 independent experiments. (G and H) PPs from WT mice were mounted in UCs and incubated with pIB102 or pIB604, and (G) paracellular permeability and (H) fluorescent E. coli K-12 translocation were monitored. n = 8 per group; 3 independent experiments. **P < 0.01, ***P < 0.001 versus uninfected; † † P < 0.01, † † † P < 0.001 versus pIB102.
higher density of actomyosin cytoskeleton adjacent to the TJ complexes was seen in Caco-2 monolayers cocultivated with infected THP-1 cells (Supplemental Figure 5) . All these findings further demonstrated the crucial role of MCLK activation.
Discussion
Previously reported in vitro data have shown that Y. pseudotuberculosis affects gut permeability via paracellular and transcellular routes (26, 32) . In addition, an increase of paracellular permeability is observed in patients with a history of Y. pseudotuberculosis infection compared with healthy controls (24, 25) . Here, we confirmed by in vitro and in vivo experiments in mice that Y. pseudotuberculosis altered both paracellular and transcellular routes across the FAE of PPs. Moreover, we propose a comprehensive mechanism by which Y. pseudotuberculosis disrupts PP homeostasis (Supplemental Figure 6) : hematopoietic immune cells infected by Y. pseudotuberculosis secrete IL-1β through TLR-2 activation. In response to IL-1β, NF-κB is activated in IECs of the FAE, which in turn activates MLCK and alters TJ structure.
Interestingly, other pathogenic bacteria, such as L. monocytogenes, S. typhimurium, Clostridium difficile, and some E. coli may also alter epithelial barrier function (33) (34) (35) (36) (37) . However, the involved mechanisms differ from those described herein for Y. pseudotuberculosis. S. typhimurium and C. difficile toxin A increase paracellular permeability in colonic epithelial T84 cells via mechanisms involving the GTPases of the Rho family and protein kinase C (36, 38) . L. monocytogenes increases paracellular permeability through a mechanism involving calcium influx (33, 34, 39) . The adherent-invasive E. coli LF82 strain induces claudin-2 expression and a barrier defect in mice (37) . Finally, enteropathogenic E. coli alters the epithelial TJ barrier through intracellular Ca 2+ changes and MLCK phosphorylation (39) . Thus, the mechanism described herein appears to be specific to Y. pseudotuberculosis.
The host response to Y. pseudotuberculosis involves TLR-2, which triggers recruitment and activation of intracellular kinases and, subsequently, expression of specific genes involved in host defense. In humans, TLR-2 mutations have been linked to increased susceptibility to infectious diseases (40, 41) . Our data support the key role of TLR-2 after Y. pseudotuberculosis infection by demonstrating its role in intestinal barrier dysfunction. This finding is consistent with recent reports showing that TLR-2 activation is involved in transepithelial transport of microparticles (16, 32) and transcellular permeability through PPs (42) . However, the effect of TLR-2 activation on gut permeability is still subject to debate, and some studies argue for a protective role of TLR-2 on intestinal permeability. In vitro, TLR-2 induces a modest reinforcement of epithelial barrier function by enhancing attachment of ZO-1 at the TJs in Caco-2 cells (43) . TLR-2 stimulation has also been shown to reduce intestinal inflammation by transitorily improving epithelial barrier capacity in mice (44) . In contrast, TLR-2 stimulation activates the immune system, enhancing the synthesis of inflammatory cytokines like TNF-α, IL-1β, or IL-8 and participating in colitis development in mice (45) (46) (47) .
To date, most available data analyzing intestinal permeability were derived from in vitro experiments exploring isolated cell types. However, the in vivo effect of TLR-2 on PP permeability likely results from an interaction among several cell types, as suggested by the proximity and functional organization of epithelial cells, macrophages, DCs, and lymphocytes within PPs. To better account for this complexity, we developed in vitro and in vivo models, which allow for the exploration of cell interactions, such as cocultures of infected monocytes and epithelial cell or hematopoietic chimeric mice. We were thus able to demonstrate that the TLR-2-dependent increase in permeability was carried by immune cells from PPs.
With respect to the mechanisms linking TLR-2 activation in immune cells and the increased permeability from the Caco-2 monolayer, it appeared that the increased permeability was mediated by IL-1β. Recent studies using Caco-2 cells indicate that IL-1β increases paracellular permeability via increased MLCK expression and activity (9, 10). Consistently, we observed that IL-1β increased MLCK levels and activity within the epithelial cells of the FAE. PPs from WT and Il1r -/-mice were mounted in UCs and incubated with pIB102, and (A) paracellular permeability and (B) fluorescent E. coli K-12 translocation were monitored. Where indicated, WT mice were treated i.p. with anakinra (300 μg/mouse) or Z-YVAD-FMK (100 μg/mouse) 2 days before experimentation. During experimentation, anakinra (50 μg/ml) or Z-YVAD-FMK (20 μg/ml) was added inside UCs. n = 8 per group; 3 independent experiments. ***P < 0.001 versus uninfected WT; † † P < 0.01, † † † P < 0.001 versus pIB102-infected WT; ## P < 0.01, ### P < 0.001 versus uninfected WT plus DMSO.
MLCK plays a central role in the regulation of intestinal permeability (2, 48). For example, inhibition of MLCK prevents or reverses the opening of TJs induced by Na + nutrient cotransports (49), bacterial and parasitic infections (39, 50, 51) , or inflammatory cytokines (7-9). Activation of MLCK catalyzes phosphorylation of MLC, which in turn induces contraction of perijunctional actin-myosin filaments and reorganization of the F-actin filament, occludin, and ZO-1, producing an opening of the TJ barrier (2). In agreement with these studies, our present results showed that MLCK activation induced by Y. pseudotuberculosis modified TJ architecture, as demonstrated by increased TJ width and delocalization as well as by reduced occludin protein expression. Our findings lent further support to the concept that MLCK is a key enzyme for the regulation of paracellular permeability, and also provided a molecular explanation for the previously reported perturbations in apical structure of actin filaments and redistribution of occludin after Y. pseudotuberculosis infection (26) .
Besides its effect on paracellular permeability, MLCK inhibition also prevents increased transcellular permeability across the FAE of PPs (27) . This finding is consistent with previous studies showing that MLCK modulates the transcellular passage of antigens and microbes through PPs and that endocytosis events are increased after Y. pseudotuberculosis infection (32) . Interestingly, one of the characteristic features of endocytosis is its dependence on actin cytoskeleton reorganization (52, 53) . Because MLCK is able to reorganize the perijunctional F-actin network by phosphorylating MLC (2), its role in endocytosis regulation is plausible; further elucidation will require additional study.
In summary, we concluded that TLR-2/IL-1β signaling in immune cells, as well as the IL-1R/NF-κB/MLCK signaling cascade in epithelial cells, contributes to the PP dysfunctions that characterize intestinal infection by Y. pseudotuberculosis. Furthermore, Y. pseudotuberculosis alters both paracellular and transcellular PP permeability by enhancing the same molecular pathways. These data provide insight into the interaction between epithelial cells and immune cells in PPs during infection with enteropathogens.
Methods

Animals
All animals were on the C57BL/6 background. WT, Il1r -/-(54), Tlr2 -/- (14) , Tlr4 -/-, and Myd88 -/-(55) mice were housed in an animal facility with free access to food (UAR pellets) and water. Tlr2 -/-and Myd88 -/-mice were provided by L. Dubuquoy (Université Lille Nord de France, Lille, France) and J.-C. Sirard (Institut Pasteur de Lille, Lille, France),
Figure 8
IL-1β released by THP-1 cells in response to Y. pseudotuberculosis alters paracellular and transcellular routes by increasing NF-κB activity in Caco-2 cells. (A) Caco-2 and (B) Caco-2 clone-1 cells were cultivated into TCs. Infected THP-1 cells were then added into the basolateral compartment of TCs, and (A) paracellular permeability and (B) E. coli translocation were monitored. To investigate the involvement of NF-κB in the increase of paracellular and E. coli translocation, cells were treated for 24 hours with PDTC (30 μg/ml) or CAPE (20 μg/ml). n = 10 per group; 3 independent experiments. ***P < 0.001 versus basal (-); † † † P < 0.001 versus pIB102-infected THP-1. (C and D) WT mice were treated i.p. with PDTC (50 μg/mouse), CAPE (50 mg/kg/d), or NBD peptide/NF-κB blocker (400 μg/mouse) for 2 consecutive days before experimentation. PPs from treated WT mice were then mounted in UCs and incubated with pIB102, and (C) paracellular permeability and (D) bacterial translocation of E. coli K-12 were monitored. n ≥ 8 per group; 3 independent experiments. **P < 0.01, ***P < 0.001 versus uninfected WT; † † P < 0.01, † † † P < 0.001 versus pIB102-infected WT plus DMSO.
respectively. Il1r -/-and Tlr4 -/-mice were provided by B. Ryffel (Université d'Orleans, Orleans, France). Pathogen-free conditions were maintained according to FELASA recommendations.
Bacterial strains and growth conditions
The Y. pseudotuberculosis strains studied were the YadA-deficient, invasinpositive strains YPIII(pIB102) and YPIII(pIB604) (56) . Bacterial colonies harvested from fresh selective agar plates (kanamycin, 50 μg/ml) were grown overnight in Luria Broth medium (Sigma-Aldrich) containing kanamycin at 26°C, then for 2 hours at 37°C to induce the expression of virulence factors.
Cell lines
The Caco-2 cell line was purchased from the DSMZ collection. Caco-2 clone 1 was provided by A. Darfeuille-Michaud (Université de ClermontFerrand, Clermont-Ferrand, France). Caco-2 cells were grown at 37°C in a 5% CO2 water-saturated atmosphere in Glutamax DMEM (Gibco, Invitrogen) supplemented with 20% heat-inactivated fetal bovin serum (Biowest), 1% nonessential amino acids and 1% antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin; Gibco, Invitrogen). Cells were seeded in Transwell inserts (Costar) and grown for 14 days. THP-1 cells (obtained from ATCC ) were grown at 37°C in a 5% CO2 water-saturated atmosphere in RPMI-1640 (Gibco, Invitrogen) containing 10% heatinactivated fetal bovine serum and 1% l-glutamine (Gibco, Invitrogen) supplemented with 1% antibiotics and 0.01% β-mercaptoethanol (Sigma-Aldrich).
Bone marrow-derived DCs and macrophages
DCs were derived from bone marrow stem cells (BMSCs) by culture in 2% conditioned medium from the GM-CSF-producing J558 hybridoma, as previously described (57) . They were used at day 10. To obtain macrophagic cells, BMSCs were cultured for 6 days in medium supplemented with M-CSF containing supernatants from the L929 cell line (58) .
Y. pseudotuberculosis infection
Animal infection. Mice were i.g. inoculated with a single dose of Y. pseudotuberculosis (10 7 cfu in 100 μl sterile water). At day 5, gut permeabilities and IL-1β concentrations were assessed in PPs and spleens.
Figure 9
Y. pseudotuberculosis increases MLCK expression. (A) WT, Il1r -/-, and Tlr2 -/-mice were inoculated i.g. with pIB102, then killed 5 days after infection. PPs were removed, and mRNA expression of MLCK was determined by real-time PCR. n = 8 per group; 3 independent experiments. ***P < 0.001 versus uninfected WT; † † P < 0.01 versus pIB102-infected WT. (B) PPs from chimeric mice were removed and incubated for 6 hours with pIB102 in UCs, after which mRNA expression of MLCK was determined by real-time PCR. n = 6 per group; 2 independent experiments. # P < 0.05 versus pIB102-infected +/+ → +/+. (C and D) Caco-2 cells were cultivated into TCs, infected THP-1 cells were added into the TC basolateral compartment, and (B) mRNA expression and (C) protein level of MLCK were investigated after 24 hours of incubation. n ≥ 8 per group; 3 independent experiments. *P < 0.05, ***P < 0.001 versus uninfected THP-1; † † P < 0.01, † † † P < 0.001 versus pIB102-infected THP-1.
Ex vivo infection of PPs.
After mouse sacrifice, PPs were mounted in UCs, and pIB102 or pIB604 (1.5 × 10 7 cfu/ml) was added into the mucosal compartment. To test the effects of IL-1β, NF-κB, and MLCK, mice were pretreated i.p. with anakinra (300 μg/mouse/d), Z-YVAD-FMK (100 μg/mouse/d; Kamiya Biomedical), PDTC (50 μg/mouse/d; Calbiochem), CAPE (50 mg/kg/d; Sigma-Aldrich), NBD peptide/NF-κB blocker (400 μg/mouse/d; Enzo Life Sciences), ML-7 (2 mg/kg; Sigma-Aldrich), ML-9 (4 mg/kg; Sigma-Aldrich), or peptide 18 (100 μg/mouse/d; Merck) for 2 consecutive days before experimentation. When indicated, anakinra (50 μg/ml), Z-YVAD-FMK (20 μg/ml), PDTC (30 μg/ml), CAPE (20 μg/ml), NBD (20 μM), ML-7 (20 μg/ml), ML-9 (50 μg/ml), peptide 18 (250 μM), or the same amount of vehicle was used in the mucosal compartment of UCs.
Cell infection. DCs, macrophages, or THP-1 cells were infected by adding pIB102 or pIB604 (MOI 10). After 2 or 6 hours, extracellular bacteria were killed by adding gentamycin (100 μg/ml; Sigma-Aldrich), and IL-1β levels were measured by ELISA in the supernatants.
Permeability measurements
In vivo. Mice were gavaged with FD4 or FD40 (15 mg/100 μl/mouse; SigmaAldrich) 5 hours prior to sacrifice. Whole serum FD4 or FD40 levels were determined with a fluorometer (PerkinElmer).
Ex vivo. After mouse sacrifice, PPs were mounted in UCs and maintained in circulating oxygenated Ringer solution at 37°C throughout the experiment. Paracellular permeability was assessed 2 hours after infection by measuring the mucosal-to-serosal flux of FD4. Bacterial translocation was measured at 2 hours using chemically killed fluorescein-conjugated E. coli K-12 strain (Molecular Probes) added at a final concentration of 1 × 10 7 cfu/ml in the mucosal reservoir.
In vitro. Paracellular permeability was investigated using the Caco-2 cell line, whereas E. coli translocation was monitored on Caco-2 clone 1 (9, 32) .
Coculture. FD4 (10 -5 M) or E. coli K-12 strain (1 × 10 7 cfu/ml) were added into the apical compartment of the TC. Permeability was monitored by sampling 400 μl from the basolateral compartment 24 hours after addi-
Figure 10
Y. pseudotuberculosis disrupts epithelial barrier functions by modulating MLCK activity. (A and B) WT mice were treated i.p. with ML-7 (2 mg/kg), ML-9 (2 mg/kg), or peptide 18 (P18; 100 μg/mouse) for 2 consecutive days before experimentation. PPs from treated WT mice were then mounted in UCs and incubated with pIB102, and (A) paracellular permeability and (B) bacterial translocation of E. coli K-12 were monitored. n ≥ 8 per group; 3 independent experiments. ***P < 0.001 versus uninfected WT; † † P < 0.01, † † † P < 0.001 versus pIB102-infected WT. (C and D) Caco-2 (C) and Caco-2 clone-1 (D) cells were cultivated into TCs. After 24 hours of ML-7 or ML-9 (50 μg/ml) treatment, infected THP-1 cells were added into the TC basolateral compartment, and (C) paracellular permeability and (D) E. coli translocation were monitored. n ≥ 8 per group; 3 independent experiments. ***P < 0.001 versus uninfected THP-1; † † P < 0.01, † † † P < 0.001 versus pIB102-infected THP-1. (E) MLCK activity was assessed by measuring phosphorylation of MLC (MLC-P) in Caco-2 cells by Western blot analyses. A representative blot of 3 independent experiments is shown. tion of 1 × 10 6 THP-1 cells, infected or not with Y. pseudotuberculosis, in the basolateral chamber. When indicated, Caco-2 cells were preincubated for 24 hours with PDTC (30 μg/ml), CAPE (20 μg/ml), anakinra (50 μg/ml), ML-7 (20 μg/ml), or ML-9 (50 μg/ml).
Chimeric mice
BMSCs were isolated from WT Ly5.1 or Tlr2 -/-Ly5.2 mice. 5 × 10 6 cells were injected i.v. into Tlr2 +/+ Ly5.1 or Tlr2 -/-Ly.5.2 lethally irradiated recipients. Chimerism was assessed at week 12 by flow cytometry using the Ly5.1 and Ly5.2 markers (Supplemental Figure 7 and Supplemental Methods).
IL-1β
In vivo. 5 days after infection, PPs and spleens from WT, Tlr2 -/-, and Myd88 -/-mice were removed, washed, and homogenized in PBS containing protease inhibitor (Roche). IL-1β levels were measured by ELISA (BD Biosciences).
Ex vivo. PPs from WT mice were removed and maintained in circulating oxygenated Ringer solution at 37°C. Then, PPs were infected with Y. pseudotuberculosis (1 × 10 7 cfu/ml). After 6 hours, IL-1β levels in the supernatant were measured.
In vitro. IL-1β concentrations in the supernatant were determined 6 hours after infection for BMSC-DCs and macrophages (MOI10) and 2 hours after infection for THP-1 cells (MOI10).
Pro-IL-1β
2 hours after infection, THP-1 cells were centrifuged and homogenized in PBS containing protease inhibitor. Pro-IL-1β concentrations were determined using a commercial ELISA kit (R&D systems).
Caspase-1 activity
2 hours after infection, THP-1 cells were centrifugated, and the pellets were incubated with the FLICA reagent (Immunochemistry Technologies). Pellets were washed, and the level of fluorescence -corresponding to caspase-1 activity -was determined using a fluorometer (PerkinElmer).
RT-PCR
After extraction by the NucleoSpin RNA II Kit (Macherey-Nagel), total RNA was converted to cDNA using random hexonucleotides. PCR was performed using QuantiTect SYBR Green PCR Kit (Applied) and sense and antisense primers specific for TLR-2, TLR-4, G3PDH, and the long isoform of MLCK. See Supplemental Table 1 for sequences. After amplification, we determined the Ct to obtain 2 −ΔΔCt expression values.
siRNAs
The ON-TARGET plus SMARTpool siRNAs targeting TLR-2 (L-005120-01-0005) and TLR-4 (L-008088-01) and the nontargeted (NT) control siRNA were purchased from Dharmacon. Transfections were done 48 hours before experiments. THP-1 cells were used according to the manufacturer's instructions (Invitrogen).
MLCK protein
Caco-2 cells were washed with PBS and lysed. MLCK concentrations (short and long isoforms) were determined by ELISA (Cusabio) according to the manufacturer's instructions.
Electron microscopy
Caco-2 filters were flushed with PBS, ligatured, and filled with glutaraldhehyde/tannic acid. Fine samples were cut and fixed by glutaraldhehyde/tannic acid. Samples were postfixed in osmic acid, then dehydrated in graded alcohol and embedded in Epon resin (Polysciences Inc). Ultrathin sections (65 nm) were counterstained with uranyl acetate and lead citrate using an LKB 2168 ultrostainer. Observations were made using a JEOL CX100 equipped with a Gatan Digital camera, and the micrographs were processed with Gatan software. Measurements of TJs were performed with NIH Image J software.
Immunohistochemistry
Caco-2 filters were washed in PBS and fixed with cold methanol. After incubation in PBS plus 1% BSA at room temperature, Caco-2 filters were incubated with anti-rabbit primary antibodies occludin (Zymed) and ZO-1 (Invitrogen), then washed in PBS. Filters were then incubated with Alexa Fluor 488 secondary antibody (Invitrogen). Fluoprep reagent solution (Biomerieux) was used to mount the filters on the coverslips.
Western blot analyses
Phosphorylated myosin light chain. Caco-2 monolayers were rinsed with PBS and scraped. Cell lysates were centrifuged, and supernatant was collected. Protein concentration was determined using a commercial kit. Proteins were boiled, separated on SDS-PAGE gel, and transferred to a membrane (iBlot gel transfer stacks, Nitrocellulose regular; Invitrogen). The membrane was incubated overnight in a blocking solution containing antiphospho-myosin light chain (Ser19) (Cell Signaling). After washing, the membrane was incubated with HRP-conjugated antibody (GE Healthcare) and developed using Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific) on the Amersham Hyperfilm film ECL.
Occludin. Caco-2 monolayers cultivated or not with infected THP-1 cells were processed as above. The membrane was incubated overnight with anti-occludin (Zymed).
Cleaved and noncleaved caspase-1. pIB102-infected THP-1 cells were processed as above. The membrane was incubated overnight with anti-cleaved caspase-1 (Temecula).
Statistics
Comparison of 2 groups was performed using unpaired t test (Mann-Whitney) with 2-tailed P value; comparison of multiple groups was performed using 1-way ANOVA. Statistical analyses were performed using GraphPad Prism 4.00 (GraphPad Software). A P value less than 0.05 was considered statistically significant (2-sided tests). Values are expressed as mean ± SEM.
Study approval
Housing and experiments were conducted according to institutional animal healthcare guidelines and were approved by the local ethical committee for animal experimentation (Comité Régional d'Ethique en matière d'Expérimentation Animale no. 4, Paris, France).
